The final products of the catabolism of arginine that can be utilized as nitrogen sources by Neurospora crassa are ammonium, glutamic acid, and glutamine. Of these compounds, only glutamine represses arginase and glutamine synthetase. We report here the isolation and characterization of a mutant of N. crassa whose arginase, glutamine synthetase, and amino acid accumulations are resistant to glutamine repression (glnr). This mutant has a greater capacity than the wild type (glnS) to accumulate most of the arginine and some of the glutamine in osmotically sensitive compartments while growing exponentially. Nonetheless, the major part of the glutamine remains soluble and metabolically available for repression. We propose that the lower repression of glutamine synthethase by glutamine in this mutant could be a necessary condition for sustaining the higher flow of nitrogen for the accumulation of amino acids observed in ammonium excess and that, if glutamine is the nitrogen signal that regulates the arginine accumulation of the vesicle, the glnr mutant has also escaped this control. Finally, in the glnr mutant, some glutamine resynthesis is necessary for arginine biosynthesis and accumulation.
Glutamine is one of the final products of inorganic nitrogen assimilation and of nitrogen catabolism; in addition, it is a donor of nitrogen for macromolecular synthesis. Evidence has been presented indicating that glutamine regulates nitrogen catabolism in fungi by repressing various enzymes, such as allantoinase in Saccharomyces carlsbergensis (35) , several amidases and histidase in Aspergillus nidulans (21) , arginase, glutamine synthetase, nitrate reductase, and glutamate synthase in Neurospora crassa (4, 11, 12, 20, 34, 37) , and allantoinase, urea amidolyase, catabolic NAD glutamic dehydrogenase (10) , and glutamine synthetase in Saccharomyces cerevisiae (24) . Some of these studies have shown that ammonium and glutamic acid, through their conversion to glutamine, are effective repressors of nitrogen catabolism. Glutamine apparently exerts its repressive effect at the transcriptional level, since its addition prevents the accumulation of translatable mRNA for nitrate reductase (29) , uricase (40) , and glutamine synthetase (31) . In this regard, it has been found that, in N. crassa, the nit-2 control gene encodes a DNA-binding protein that interacts with glutamine and which is postulated to play a major role in the expression of the genes involved in nitrogen assimilation (18) .
Mutations that impair the repressive effect of glutamine on nitrate reductase, nitrite reductase, histidase, and acetamidase have been reported in N. crassa (30) .
We describe here the isolation and characterization of a N. crassa mutant whose arginine catabolism is resistant to glutamine repression. The results will show that the arginase and gluitamine synthetase of this mutant are less sensitive to repression by glutamine and that during exponential growth this strain accumulates glutamine, arginine, and other amino acids.
MATEkIALS AND METHODS Stocks. All stocks came from the collection of J. Mora and from the Fungal Genetics Stock Center at the Humboldt State University Foundation, Arcata, Calif. The basic stocks were the 74-A and 73-a wild types; the arg-S auxotrophic strain, which lacks Nacetyl-y-semialdehyde transaminase (D. H. Morgan, Neurospora Newsl. 8:8,11%5) and grows on ornithine, citrulline, or arginine; the prol-3 strain, which is unable to synthetize proline and grows on proline, ornithine, and arginine (39), the gln-lb strain, which grows only on glutamine (5); and the glutamic acid dehydrogenase-deficient mutant am-i (17) . Other double and triple mutants were obtained from the appropriate crosses.
Growth conditions. N. crassa was grown on liquid minimal medium of Vogel (38) , supplemented with 1.5% sucrose and 25 mM NH4NO3. In some experiments the carbon and nitrogen sources were substituted as stated in the text. Fed-batch ammonium-limited cultures of N. crassa were achieved as previously reported (25) . Conidia were harvested from slants, supplemented with 1.5% sucrose and 5 mM glutamine as sole nitrogen source, which had been incubated in the dark for 3 days at 29°C followed by 2 days under incandescent light at 25°C.
Cultures were started by inoculating conidia into Florence flasks containing the various media. Incubation was carried out for 12 h at 25°C with continuous bubbling of hydrated air.
Mutagenesis and mutant selection. A heavy suspension of spores of the arg-S; prol-3 strain was suspended in an aqueous solution of 0.01% N-methyl-N'-nitro-N-nitrosoguanidine and incubated with shaking in the dark at 25°C for 1 h. Under these conditions 10%o survival was obtained. After the mutagenic treatment, conidia were centrifuged for 10 min at 2,000 rpm, washed twice, and resuspended in sterile water. Samples from this suspension were plated on germination media containing glucose and fructose (0.05% each) and 1% sorbbse as carbon sources and arginine (100 ,ug/ml) and glutamine (500 Rg/ml) as nitrogen sources.
Plates were incubated at 29°C. Parental spores failed to germinate; rare colonies which appeared after day 2 of incubation were isolated and transferred to slants of the same medium containing sucrose as the only carbon source. Spot testing, crosses, and progeny analysis were carried out as previously reported (32) .
Determination of glutamine synthetase, argins, and glutamate synthase activites. Glutamine synthetase activity was measured by the transferase assay, following the method of Ferguson and Sims (16) , in cellfree extracts obtained as previously described (28) . Units of activity were expressed as micromoles of yglutamyl hydroxamate produced per minute at 30°C. Preparation of cell-free extracts and measurement of in vitro arginase and glutamate synthase were done as previously reported (19, 34) .
Deternination of amino acid poob. Samples were prepared by homogenizing mycelium with 80%o (vol/ vol) ethanol. The homogenates were boiled for 10 min, cooled, and filtered through membrane filters (type RAWP 047; Millipore Corp., Bedford, Mass.). The filtrates were lyophilized and the samples were resuspended in lithium citrate buffer (pH 2.88). The sorbitol present in the fractions obtained during spheroplast fractionation was eliminated as follows: samples were precipitated with 1 volume of 109o trichloroacetic acid and centrifuged, and the supernatant was neutralized. A 1-ml portion was passed through a column (5 by 70 mm) of Dowex-SOW resin 50X8-400 (200 to 400 mesh, hydrogen form) and eluted with 0.35 N sodium citrate (pH 8.0). The amino acids were separated with an Aminco amino acid analyzer and quantified in an Aminco ratio fluorometer after coupling with o-phthaldialdehyde. Arginine was extracted from filtered conidia with 2 ml of 5% trichloroacetic acid. After centrifugation, arginine was determined in the supernatant fluid by the method of van Pilsum et al. (36) .
Protein determination. Samples of mycelium were collected on membrane filters (type HA, 0.45 pm; Millipore Corp.) and washed with 2 volumes of distilled water. The suspended samples were then precipitated with 2 ml of 5% trichloroacetic acid and centrifuged for 5 min at 2,000 rpm, and the pellets were suspended in 1.0 N NaOH. Protein was determined by the method of Lowry et al. (26) , using bovine serum albumin as a standard.
Preparation and fractionation of spheroplasts. Procedures for the preparation of spheroplasts and the fractionation of Neurospora mycelium were as reported by Weiss and Davis (42) .
Chemicals. Amino acids, N-methyl-N'-nitro-N-nitrosoguanidine, and methionine-DL-sulfoximine were obtained from Sigma Chemical Co., St. Louis, Mo. Only L-amino acids, sterilized by filtration, were used.
RESULTS
Genetic and phenotypic analyses. The prol-3 strain of N. crassa grows well when the medium is supplemented with proline, arginine, or ornithine (34) . Through the concerted action of arginase (3, 6) and omithine transaminase (7), arginine and omithine are catabolized to glutamic acid semialdehyde, an intermediate which this strain is unable to synthesize via the normal biosynthetic pathway. Glutamine, by repressing arginase induction, prevents the catabolism of arginine and, consequently, the growth of the prol-3 mutant. A similar effect of glutamine was found in the arg-S;prol-3 mutant, a double mutant unable to synthesize arginine or proline (34) . This double auxotroph was used as the parental strain for mutant selection because it does not grow at all in minimal medium in contrast to the prol-3 mutant, which is leaky under this condition. Several arg-S;prol-3 glutamine-resistant (gln') mutants were selected for their capacity to grow on arginine in the presence of glutamine. One of these mutants was crossed with the 74-A wild-type strain; ascospore analysis of the progeny carrying the prol-3 mutation yielded clones of which 5O0o were sensitive to glutamine (glns) and 50% were resistant to this amino acid (gln). Similar results were obtained when the eight ascospores of one particular ascus' from the cross arg-S;pro1-3;ginr x 74-A were analyzed; progeny were obtained sensitive to 1.0 mM methionine sulfoximine. Glutamine and methionine sulfoximine resistance (msr) segregated as a single gene in all crosses analyzed. In addition, the glnr mutation confers sensitivity to ammonium (ams). This means that auxotrophic strains carrying the glnr mutation fail to grow in spotting plates when, in addition to the amino acid that they require, ammonium is present. This effect has been shown in the triple mutant arg-S;pro1-3;gl1r and in the double mutants prol-3;glnr and am-1;glnr, which require arginine, proline, and glutamate, respectively. Subsequent analysis was carried out in the prototrophic glnr strain.
As further evidence supporting the idea that one gene mutation was responsible for the am' glnr msr phenotype, spontaneous ammoniumresistant mutants (amr) were isolated from the strain arg-5;prol-3;glnr;ams. The selection was done in the presence of small amounts of arginine (20 FLg/ml) and ammonium excess (25 mM) . Seventy percent of the ammonium-resistant strains were also found to be glnS and mss, and the frequency of reversion was 10-6. Effect of glutamine on the induction of arginase, glutamine synthetase, and glutamate synthase. The lack of glutamine repression on arginine catabolism was tested by measuring the activity of arginase in the wild-type strain 74-A (glns) and in a prototropic glnr strain. Arginase was induced in 74-A with arginine as sole nitrogen source (Table 1) ; it was partially repressed by 1 mM glutamine and totally repressed by 5 mM glutamine. Similar concentrations of glutamine presented to the glnr strain had a lower repressive effect, even though intracellular concentrations of glutamine were higher than those found in the wild-type strain (Table 1) . When the glnr mutant strain was grown in arginine alone or with glutamine as nitrogen source, arginine also accumulated in higher amounts than in the wildtype strain (Table 1) .
In contrast to the wild type, in which glutamine represses the synthesis of glutamine synthetase as a result of lowering the concentration of mRNA specific for this enzyme (31) , the NITROGEN REGULATORY MUTANT 3 glutamine synthetase of the glnr strain is less sensitive to glutamine. The glnr strain has a fourto sixfold higher activity of glutamine synthetase and a higher glutamine pool than the glns strain (Table 2) . No difference was observed in the oligomeric state and monomer composition of glutamine synthetase between the wild type (22) and the glnr strain.
In the wild-type strain a high activity of GO-GAT is preset when N. crassa is grown in ammonium-limited cultures, and this enzyme is repressed by glutamine (20) . Similar induction and repression were also observed in the glnr mutant ( Table 2) .
Amino acid accumulation. The glnr mutant grows as well as the wild-type strain of N. crassa in NH4NO3 (25 mM) as nitrogen source; however, the mutant accumulates glutamic acid, glutamine, alanine, and arginine under this condition ( Table 3) . As in nongrowing cells (13) , the amino acid accumulation found in the glnr mutant was dependent on a good carbon source; when glycerol was substituted for sucrose, no accumulation was observed (Table 3) .
In fed-batch ammonium-limited cultures, the glnr strain, unlike the wild type, showed a 3-h lag phase, during which it accumulated a small amount of arginine (Table 4 ). Only after growth had initiated did the arginine content decrease. When growth ceased, the arginine content increased again (Fig. 1) . In glutamine as nitrogen source, the mutant strain accumulated glutamine and arginine (Table 4) . If arginine was used as nitrogen source, both the glnr and the wild-type strains grew poorly, but only the mutant accumulated this amino acid (Table 4) . When adenosine was used as nitrogen source, the glnr strain accumulated arginine whereas the wild type had no detectable levels ( Table 5) .
The intracellular distribution of arginine and glutamine was also determined under different growth conditions. It was found that a considerable amount of the arginine accumulated (50 to 60%o) by the glnr strain in ammonium and in glutamine was also sequestered in vesicles, as previously reported for the wild-type strain (27, (Table 6) . Glutamine utilization for arginine accumulalion. We have previously reported that conidia of auxotrophic mutants of N. crassa accumulated arginine and other amino acids, when deprived of the amino acid they require, in the presence of ammonium or glutamine as nitrogen source (13) . The presence of mutations that impaired the synthesis of glutamate (ami and en-am-i) and glutamine (gln-i and gln-lb) in conidia deprived of amino acids prevented the utilization of the nitrogen atoms of exogenous glutamine for the synthesis and accumulation of arginine (13) . Likewise, the arginine accumulation of the glnr strain, growing exponentially in the presence of glutamine, was partially prevented by the am-i and gln-lb mutations (Fig. 2) . DISCUSSION It has been shown that one of the products of arginine catabolism, glutamine, represses both arginase (34) and glutamine synthetase (37) . The catabolism of arginine leads also to proline therefore, a double auxotroph of proline and arginine can be grown solely by supplying arginine. The presence of glutamine will prevent such growth because it represses arginase. We have isolated mutants which are resistant to glutamine under these conditions (gin').
The glnr mutation is a monogenic regulatory mutation which impairs the regulation by glutamine of arginase, glutamine synthetase, and amino acid accumulation; it leads to less repression by glutamine of the enzymes mentioned, in spite of higher intracellula glutamine and arginine content than found in the wild-type strain (Table 1) . Although compared with the wild-type strain a higher proportion of the giutamine was found in vesicles, the major part of the glutamine was still soluble in the glnr strain and metabolically Available for repression (Table 6 ). Glutamate synthase is repressed similarly by glutamine in the glnr strain and in the wild-type strain (Table 2) . Arginine follows a different distribution pattern, since the major part is sequestered in vesicles (Table 6 ). Weiss and Davis have extensively studied the intracellular distribution of arginine in N. crassa, and they have found that a large fraction of this amino acid is sequestered within a vesicle (43).
The glnr mutation was responsible for the accumulation of glutamic acid, glutamine, alanine, and arginine during exponential growth on ammonium as nitrogen source (Table 3) . As compared with the wild-type strain, the glnr mutant accumulates more arginine when grown in arginine as nitrogen source (Table 1 ) and more glutamine and arginine when grown in glutamine as nitrogen source (Table 1) . Also the arginine accumulation observed in the glnr strain grown in arginine is not decreased if glutamine is added to the medium (Table 1 ). In the presence of other nitrogen sources such as nucleosides or limiting ammonia, only arginine was accumulated (Tables 4 and 5). As mentioned above, auxotrophic strains carrying the glnr mutation are ammonium sensitive; at present, this is not understood.
What is the relation between the regulation by glutamine of nitrogen catabolism and glutamine synthesis and, on the other hand, the accumulation of amino acids, mainly arginine? The lower repression of glutamine synthetase by glutamine in the glnr strain may account for the higher flow of nitrogen that leads to the accumulation of glutamine and arginine as well as alanine and glutamic acid, under ammonium excess. Evidence has been presented indicating that the arginine content of the vesicle is regulated by nitrogen (23) and the energy charge (9) . Glutamine could be one of the regulatory signals which mediate this control. The glnr mutation has disrupted the "nitrogen control" of vesicle content, as judgqd by the accumulation of arginine and glutamine in nitrogen excess and of arginine in nitrogen-limited conditions. Furthermore, the inability of glutamine to stop arginine accumulation in glnr ammonium-limited cultures may lead to inhibition of growth (Fig. 1) .
In relation to the other nitrogen regulatory mutants of N. crassa reported we have found tht glnr is not allelic to nit-2 and that the latter mutation, as also happens with other nitrogenregulated enzymes (15) , impairs the induction of glutamine synthetase (Gonzalez and Mora, in preparation).
In the glnr mutant, as in nongrowing cells (14) , some glutamine resynthesis is necessary for arginine biosynthesis. This is suggested by a decrease in the accumulation of arginine, when glutamine is the nitrogen source, if mutations are present that impair the assimilation of ammonium into glutamate or glutamine (Fig. 2) . The glnr phenotype greatly resembles what happens in nongrowing cells of N. crassa (27) , which also accumulate amino acids in the presence of a good carbon source (Table 3) and support the role of the glutamine cycle that has been proposed, in which glutamine is degraded and resynthesized (14) . The advantages of such a cycle would be that the carbon and nitrogen could be used to synthesize amino acids in general, as well as for the synthesis and accumulation of arginine or glutamine or both in particular.
Accumulation of amino acids has been found to occur in the mycelium of N. crassa (1, 2) and in S. cerevisiae (33) , where a metabolic block in a particular biosynthetic pathway such as arginine, histidine, or tryptophan leads to a derepression of the enzyme levels in these pathways. In S. cerevisiae a similar. derepression is observed in leaky mutants of these amino acid pathways (8) .
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